on behalf of the AO Spine International and SRS Scoli-RISK-1 Study Group* Background: The reported neurologic complication rate following surgery for complex adult spinal deformity (ASD) is
A dult spinal deformity (ASD) is a condition often requiring complex surgical interventions to improve the patient's quality of life. Procedures for surgical correction continue to evolve with pedicle screw fixation and complex osteotomies. Neurologic impairment of the lower extremities may be present before surgery or as a postoperative complication. Neurologic deficits after ASD surgery have been reported in numerous studies; however, the true prevalence is difficult to ascertain because of the extreme heterogeneity of the populations being evaluated and treatments rendered. The majority of these reports were on patients with mild or moderate deformities (<70°) or did not present information about curve severity [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . Very few studies have included results regarding neurologic deficits after spinal reconstruction in patients with more severe spinal deformity (curves of >70°or sagittal imbalance of >10 cm 27, [40] [41] [42] [43] [44] [45] [46] ). Additionally, most of the reports were retrospective, and often the methods for determining neurologic deficits were not well described. The aim of the present analysis was to prospectively document lower extremity motor function using the American Spinal Injury Association (ASIA) lower extremity motor score (LEMS), a validated outcome instrument 47, 48 , before and after surgical correction of complex ASD and to report changes in motor function through 2 years postoperatively.
Materials and Methods
T his prospective, observational, international, multicenter study evaluated neurologic complications associated with surgical correction of complex ASD, defined as surgery for a major Cobb angle of ‡80°in the coronal and/or sagittal plane, corrective osteotomy for congenital spinal deformity or as a revision procedure for any type of deformity, 3-column osteotomy (i.e., pedicle subtraction osteotomy and vertebral column resection between and including C7 and L5), reconstruction for deformity-induced myelopathy, or deformity reconstruction with concomitant spinal cord decompression due to deformity and ossification of the ligamentum flavum or posterior longitudinal ligament.
The study was conducted in 15 spinal deformity centers in North America (9) , Europe (3), and Asia (3). The ethics committees or institutional review boards granted approval at all sites, and patients signed informed consent forms prior to enrollment. The study is registered with ClinicalTrials.gov (NCT01305343).
The operating surgeon decided on the surgical approach, instrumentation, corrective maneuvers, and use of bone grafts or substitutes. Patients were between 18 and 80 years old and had ASD with the major deformity apex in the cervicothoracic or thoracolumbar region. Detailed inclusion and exclusion criteria are listed in Table I .
An ASIA neurologic examination 48 was performed by an ASIA-certified examiner (each site had multiple certified examiners performing this function) within 6 weeks preoperatively; at hospital discharge; and at 6 weeks, 6 months, and 2 years postoperatively. Standing coronal and sagittal radiographs were made and patient-reported outcomes as well as adverse events were recorded at each visit.
The primary outcome measure was the change in the ASIA LEMS 48 at each time point. The LEMS evaluates motor function on a scale of 0 (no motor function) to 5 (full motor function) for 5 lower extremity muscle groups with a 50-point maximum (25 per side).
For analysis, the patients were divided into 2 groups: those with a normal preoperative LEMS (50) and those with an abnormal preoperative LEMS (<50). Differences in demographic characteristics and surgical approach between the normal and abnormal groups were analyzed using the Fisher exact test for categorical variables and the t test for continuous variables. Changes in the LEMS were analyzed using a mixed 18, 2018 model for repeated measures with an unstructured covariance. This model has advantages over simple imputation using the last, or baseline, observation carried forward method and has been recommended for handling missing data in longitudinal clinical trials 49 . Missing values are dealt with by taking into account data derived from the same patient at other time points to calculate estimates. P values and 95% confidence intervals (CIs) for changes from baseline within each group were derived from the mixed model and adjusted for multiple testing using the simulation-based adjustment. Changes in the LEMS from 658
baseline were classified as "maintenance," "improvement," or "decline" and compared between the 2 groups with the Fisher exact test or chi square test. The statistical analysis was performed using SAS software, version 9.2 (SAS Institute). The study utilized the web-based online data-capture system eCRF (OpenClinica). Additionally, a clinical end point committee evaluated all neurologic and non-neurologic complications, which were assessed and adjudicated to ensure their accuracy. 659
Results
data at 6 weeks; 19 (7.0%), at 6 months; and 62 (22.9%), at 2 years. The study population included 182 women and 89 men. The mean age (and standard deviation) was 56.9 ± 15.3 years. The procedures included primary or revision surgery for ASD with a major Cobb angle of ‡80°in the coronal or sagittal plane in 29.0% of the patients, revision surgery including osteotomy in 60.7%, and/or a 3-column osteotomy in 75.7%, emphasizing the complex nature of these patients' conditions and their surgical treatments (Table II) .
The normal group included a higher percentage of women than the abnormal group (70.4% and 57.4%, p = 0.053) and a lower percentage with previous spine surgery (57.6% and 76.5%, p = 0.006). No significant differences between groups were seen with respect to age, race, smoking status, surgical approach, or prevalence of multistage surgery (Table III) .
The proportion of patients with a postoperative LEMS decline was similar in the 2 groups at all time points; this decline was most pronounced at discharge, with gradual improvement over time (Table IV) . Compared with baseline, 23.0% of all patients experienced a LEMS decline at discharge, with this rate decreasing to 17.1% at 6 weeks and to 9.9% at 6 months and remaining stable at 10.0% at 2 years. Compared with baseline, the LEMS declined for 22.1% of the patients in the normal group and 25.8% in the abnormal group at discharge; 11.1% and 6.5%, respectively, at 6 months; and 9.2% and 13.0%, respectively, at 2 years. There was a small significant decline in the mean LEMS at all follow-up assessments as compared with baseline (p = 0.001 up to six months and p = 0.002 at 2 years) in the normal group, whereas the abnormal group had a significant improvement at 6 months (p < 0.001) and 2 years (p = 0.003) ( Fig. 1 and Table V) .
Analysis of the LEMS over time in both groups revealed a significant time effect (p < 0.001). The pattern of changes significantly differed between the 2 groups (group*time effect, p < 0.001). Most declines in the LEMS, compared with preoperatively, were £5 points, with 72.1%, 65.9%, 76.0%, and 76.2% of the declines being £5 points at discharge, 6 weeks, 6 months, and 2 years, respectively (Table VI) .
One patient with congenital kyphoscoliosis who had a 3-column osteotomy demonstrated loss of signals on spinal cord monitoring and acute paraplegia immediate postoperatively. The patient showed slow but steady recovery of the LEMS, which improved to 30 by discharge, 40 at 6 weeks, and 50 (normal) at 6 months postoperatively. A 60-year-old patient who had had a posterior spinal fusion for adult lumbar scoliosis required revision surgery at 7 weeks postoperatively due to a fall causing proximal junctional kyphosis and acute paraplegia. Following the revision surgery, the clinical paraplegia persisted and the patient died 23 months after the index surgery (Table  VII) . Importantly, no patient in this study experienced permanent postoperative paraplegia following their index surgical procedure.
Discussion
T his prospective study analyzed lower extremity motor function after complex spinal reconstruction in patients with severe ASD. To our knowledge, this is the largest series of patients with such severe deformities whose neurologic function was documented prospectively with a validated outcome instrument.
Loss of neurologic function is one of the most important complications following complex ASD surgery. The decreased mobility directly impacts the patient's quality of life and may lead to additional adverse events such as lower extremity deep vein thrombosis, pulmonary embolism, and pneumonia.
We found a decline in the LEMS at hospital discharge, compared with preoperatively, for 23.0% of the patients who underwent correction of ASD. As motor function recovered over time, this rate decreased to 17.1% at 6 weeks and then to 9.9% at 6 months, and then remained stable at 10.0% at 2 years. These rates of perioperative motor decline are by far the highest reported to date, for multiple reasons: our "high-risk" study 
population of patients with ASD who underwent complex reconstructions; the prospective study design with frequent and structured data-collection time points; and the sensitivity to change of the ASIA neurologic examination, in which a single muscle-group grade of 4/5 results in a decreased LEMS. Thus, relatively minor weaknesses could produce a "motor decline" rating (i.e., a change in the LEMS of 50 to 49). Several reports that specifically address complications subsequent to spinal deformity reconstruction in large series of patients have been published, even though the severity of the deformity in those publications may not be comparable with that in our population (Table VIII) 5, 19, 31, 35 . In what we believe is the largest review of new neurologic deficits-after 108,419 spinal procedures-the Scoliosis Research Society (SRS) Morbidity and Mortality Committee stratified their analyses by primary diagnosis and reported a prevalence of neurologic deficits of 1.8% after surgery for scoliosis and 3.4% after surgery for kyphosis 35 . The neurologic deficit rate was 41% higher after revisions than after primary procedures. Of note, the study depended on voluntary surgeon/center retrospective data entry, without prospective performance of neurologic assessment with a validated instrument. Therefore, selection and detection bias are distinct possibilities.
In a retrospective study of 306 patients who underwent primary surgery for adult scoliosis with a mean deformity of 50°, Charosky et al. reported a 7% rate of new neurologic deficits, with 2 patients (0.6%) developing late cord-level deficits 5 . Buchowski et al. assessed early complications in 108 adults who underwent a pedicle subtraction osteotomy for an average 113-cm fixed sagittal imbalance and a mean lordosis of 217°3
1 . Twelve patients (11.1%) developed new neurologic deficits, which were permanent in 3 (2.8%). Kim et al. performed a retrospective study of 233 patients with a mean local kyphosis of 51°, thoracic scoliosis of 64°, and thoracolumbar or lumbar scoliosis of 50°1 9 . They found the prevalence of transient neurologic deficits to be 31.8% in those treated with a posterior vertebral column resection and 7.5% in those treated with a decancellation osteotomy whereas the prevalences of permanent neurologic deficits were 3.3% and 1.2%, respectively. Most patients who had postoperative 662
paraplegia had had a preoperative neurologic deficit and >5 levels fused. We do not know of any published prospective studies of a large patient population with deformities comparable with those in our series. A prospective study with predefined datacollection time points strongly increases data accuracy and result validity 50 . This is particularly important for analyses of neurologic deficits, which may be subtle and/or transient and thus remain undetected in retrospective studies. Understanding the risk of such defects is fundamental to patients' ability to provide informed consent and to clinical decision-making.
There have been only a few retrospective reports in the literature on populations with deformity severity and interventions comparable with ours, with only 2 comprising >100 patients 42, 45 and several others consisting of small series 40, 41, 43, 44, 46 . Bomback et al. performed a case-control study, which included children and adults, comparing 17 patients treated with videoassisted thoracoscopic surgery with 17 treated with thoracotomy 40 . The mean major coronal curves were 81°and 101°in the respective treatment groups. No neurologic complications occurred in either group. Shapiro et al. reviewed records of 16 children and adults with a mean major curve of 71°and reported that no major neurologic deficits occurred Two larger retrospective studies of populations comparable with ours have been published 42, 45 . Swank et al. reviewed the charts of 222 patients with an average initial curve of 80°w ho had undergone scoliosis correction 45 . One patient in this series became paraparetic postoperatively. A myelogram detected a block at L1. The patient underwent decompression/laminectomy and neurologic function improved, but urinary retention, anal pain, and loss of sensation over the penis and perineum remained. In a large single-center study, Qiu et al. reviewed data on 1,373 patients (the majority [1, 074] of whom were <18 years old) and analyzed neurologic deficits stratified by curve severity and procedure type 42 . The prevalence of neurologic deficits was 3.7% for major curves with a preoperative Cobb angle of ‡90°and only 1.5% for smaller curves (p = 0.015). The neurologic deficit prevalence was 0.9% after anterior procedures versus 1.2% after posterior procedures, and 3.4% after combined anterior and posterior procedures. The influence of procedure type was significant (p = 0.028), while the influence of age was insignificant (neurologic deficit rate of 1.9% in patients <18 years old versus 2% in those ‡18 years old; p = 0.87).
Two important aspects of all of these publications are the variability in the prevalences of the neurologic deficits and the fact that these prevalences always appeared lower than those in our study. We believe that the reasons for both are multifactorial. The high variability can be explained by the heterogeneity of individual study populations and the multitude of treatment modalities employed. Retrospective evaluations without preset data-collection time points or standardized/validated outcome instruments increased the variability. Additionally, selection and detection bias may have played larger roles in these cohort studies than in our multicenter cohort.
Several additional factors likely contributed to the lower prevalences of neurologic decline reported in other studies. First, rigorous data collection as well as the use of the ASIA LEMS instrument may have allowed us to detect more subtle changes than retrospective studies can. Second, our study population was more homogeneous, with all patients having severe deformity (a major curve of ‡80°) and/or being treated with a complex operation (e.g., 3-column osteotomy). Although different procedures were performed in our series, all were complex reconstructions in a population at a high risk for neurologic deterioration. The high risk involved in complex osteotomy surgery for correction of a large deformity or procedures such as 3-column osteotomy (pedicle subtraction osteotomy and vertebral column resection) with direct manipulation of neural elements and acute changes in spinal canal alignment and/or shape has been emphasized by other authors 44 . Some authors performed analyses stratified by deformity severity and procedure complexity 35, 42 and found that both factors increased the likelihood of a patient developing a neurologic deficit. Some authors reported cases of permanent paraplegia after the index procedure 19, 44 , but that was not seen in any of our patients. Although 1 patient awoke with complete paraplegia, neurologic function improved by hospital discharge and was normal at 6 months. Thus, considering that we evaluated only the most complex ASD reconstructions and used standardized/validated outcome instruments with predefined data-collection time points, we believe that our results present an accurate risk of neurologic complications.
Our study also has limitations. We used heterogeneous diagnostic and treatment-related inclusion criteria. Also, some subjective bias is possible since the ASIA examination was performed by different examiners at multiple sites. We attempted to minimize this potential bias by having all examiners become ASIA-certified. Additionally, the availability of 2-year data was lower than anticipated (some patients were seen at 2 years but a LEMS was not obtained). We tried to mitigate the effect of missing data by using a mixed-effects model for repeated measures for the statistical analysis. Finally, we only studied patients who had undergone the most complex and neurologically risky procedures for their deformity; therefore, our results are valid only for this specific population and are difficult to compare with other studies. The surgeons and centers selected saw and treated a high volume of patients with severe deformity, so the results of this study may not be typical of those at centers and surgeon practices that do not routinely include this patient population.
The strengths of our study include its prospective/ multicenter nature and use of the ASIA LEMS instrument preoperatively and at 4 postoperative time points. This neurologic assessment using a validated measurement system provided sensitivity with regard to the ability to detect subtle changes postoperatively. Although several studies of smaller series of patients with a deformity severity similar to that in our population have been published 40, 41, 43, 44, 46 , our large sample size allowed sufficient power to detect relatively rare events and our data-collection procedure ensured that any new postoperative lower extremity deficit was captured as a surgical complication, even if it was minor and transient.
In conclusion, this Scoli-RISK-1 study revealed that a decline in lower extremity motor function after complex ASD surgery is common and more frequent than previously reported. We identified such a decline in 23.0% of patients at discharge, with neurologic function recovering over time to a decline (compared with preoperatively) in 17.1% of the patients at 6 weeks, 9.9% at 6 months, and 10.0% at 2 years after the operation. Thus, many patients with a postoperative decline in LEMS showed motor function improvement (compared with the initial decline) by 6 months postoperatively. The neurologic complication rate in our study, determined with a strict protocol of neurologic evaluations, should be considered the accurate and expected neurologic outcome following complex ASD surgery at this time. n
